I. Introduction
Over the past several years the need for ice accretion prediction capabilities has been growing.
Many aircraft and ice protection system manufacturers have used the NASA developed ice accretion code, LEWICE.1
The LEWICE code predicts the growth of ice on 2D surfaces through application of an inviscid panel method module, a particle trajectory calculation module, and a control volume energy balance/ice growth calculation module. 
II-1. Grid Generation Module
The grid generator used in LEWICE/NS is a hyperbolic equation solver developed by Barth. 9
This code creates a C-grid around the user defined surface and can be easily applied to complex surfaces such as an iced airfoil. Since the overall LEWICE/NS code is modular, an alternate grid generator can be easily substituted for the current module. The only criterion for substitution is that the grid generator output the grid coordinates in PLOT3D format. This allows the grid file to be used by the other modules as well as by the PLOT3D visualization package.
11-2. Euler/Navier-Stokes Flow Solution Module
The Euler/Navier-Stokes code used in LEWICE/NS is the ARC2D code developed by Steger l0
and Pulliam. l 1 This code uses the grid file and an input file which describes the flow conditions and selects some code procedure parameters. The code solves the Euler or Navier-Stokes equations in the body-fitted coordinate system. The equations solved are,
where the details of the terms in the equations can be found in references 10 and 11. The Cartesian coordinates (x,y) and the body-fitted coordinates (_,rl) are obtained from the grid generator. Details of the numerical algorithm used to solve these equations are also found in references 10 and 11.
In addition to the flow solver, a turbulence model must also be used when the code is run in the In this model, the length scale is determined by the conditions at the surface and then saturates at some distance from the surface as indicated in the data of Klebanoff. 13 Hence, the length scale is
given by the relation, and,
Eq. 6
where the constants C 1 and C 2 are determined empirically by matching the ktt and I contours, 
and where x is the shear stress at the wall.
The mixing length and vorticity can be determined for any grid point with no need to march out from the surface along grid lines.
In addition to the turbulence model, a method of modeling roughness must be added to this calcu- Eq. 9
where Ay + = Ayux/v and ks + = ksu.dv.
The mixing length is then found by adding Ay into Eqs. 5 and 6. This produces the following equations.
Eq. 10
and,
The velocity and pressure values resulting from the flow field calculation are used for several purposes in the LEWlCE/NS code. They contribute to the evaluation of the particle trajectories. The values at grid lines away from the surface are used in the determination of boundary layer edge conditions. These edge values are used in the integral boundary layer calculation of the energy balance/ice growth module. Finally, the velocity and pressure field is used to determine the lift and drag values for the iced airfoil following the ice growth calculation.
The user determines the validity of the flow field solution by examining residual and lift histories and the pressure coefficient distribution and entropy contours. The flow field solution values are contained in the _ matrix, which is stored in PLOT3D format for plotting and to insure a standard file transfer process.
Normally, the flow solver is used in Euler mode during the ice accretion portion of the calcUlation.
This allows the code to be run in a faster manner due mostly to the fewer number of grid points. Once the final ice shape has been determined, the flow solver can be run again with the viscous terms included.
This calculation provides information on the changes in lift and drag as a result of theice shape. This usuallyrequirestheuseof the grid generator againin ordertodevelopa grid of sufficientlyfine resolutionto capturethe flow gradientsnearthe surface.
II-3. Particle Trajectory Module
Once the flow field for a given geometry has been obtained, the velocities are used to determine and where V x and Vy are the components of the flow field velocity at the droplet location and ._p, )_p, ._p andyp are the components of the droplet velocity and acceleration, respectively.
The water droplet trajectories are calculated using an Adams-Boulter predictor-corrector algorithm. After each calculation of a droplets location, it is checked to determine if it has impacted on the body. The calculation continues until a droplet impacts the surface or until it has passed some user selected location, indicating that the droplet has missed the body. Details of this calculation are found in reference 1.
As mentioned in the introduction, the original LEWlCE code requires a pseudo-surface in order to avoid unrealistic velocities near the surface which lead to inaccurate droplet trajectories. The use of a grid based code avoids this problem. Any inviscid flow solution does require some special treatment near the surface. The slip flow at the surface is not physically correct and thus the droplet trajectory calculation does not use those values. Instead, once the particle has crossed the first grid line off of the surface,thedropletpathis no longeralteredby the flow field andis considered to betangentto thepreviouslycalculatedpathline. Theintersectionof thatpathline with thebody surfaceis takenasthe impingementlocation.
The patternof dropletimpingementon the bodysurfacedeterminestheamountof waterthathits the surfaceandbecomes partof the ice growthprocess. Theratio of the actualmassthatimpinges on the surfaceto themaximumvaluethatwould occurif the dropletsfollowed straight-linetrajectories,is calledthe total collectionefficiency,Em. The total collection efficiency for the body is found by integrating the local collection efficiency, I], between the upper and lower limits of droplet impingement. The local collection efficiency is defined as the ratio, for a given mass of water, of the area of impingement to the area through which the water passes at some distance upstream of the airfoil. Taking a unit width as one dimension of both area terms, the local collection efficiency can then be defined as,
where Ay o is the spacing between water droplets at the release plane and As is the distance along the body surface between the impact locations of the same two droplets. The local collection efficiency is illustrated in Figure 2 .
The local collection efficiency is the necessary input for the energy balance/ice growth module. It, along with the free stream velocity and the cloud liquid water content, determines how much water impinges on the local region of the surface under consideration. Variations in the local collection efficiency can significantly alter the ice growth for that surface region.
11-4. Energy Balance/Ice Growth Module
The growth of ice on the surface is a complex fluid dynamics, heat transfer, and mass transfer process. The incoming water may freeze on impact or some fraction may freeze while the remaining water either runs along the surface or collects in pools. The processes determining which of these occur include surface tension effects, roughness, skin friction between water and ice or water and airfoil surface, shear forces between water and air, and convection and conduction heat transfer. A program,the ice shapes andresultingdragvaluesweremeasured for a seriesof testson the NACA 0012airfoil with varying icing conditions.The codewasusedto try andreproducetheresultsof the testfor bothice shapeanddrag.
III-1. Ice shape predictions
The Olsen tests covered a wide range of conditions and examined such effects as temperature, drop size, and liquid water content (LWC). The most dramatic effect uncovered, with respect to drag, was the correlation of drag with temperature. Figure 5 shows the variation of drag as a function of temperature. At temperatures just be|0vqfreezing, there is a large increase in drag which tapers off as the temperature decreases. The suspected reason for this is the change from a glaze ice condition to a rime ice condition. The glaze shapes, with their associated horns, cause a significant change to the pressure distribution over the airfoil resulting in the large change in drag. Rime ice, on the other hand, has a smaller effect on the pressure distribution with the drag rise being mostly due to skin friction.
This series of sixteen temperature conditions (with LWC × V × Time held constant) is detailed in Table 1 . The LEWICE/NS code was used to evaluate these cases in order to evaluate its ability to predict ice accretion over a wide range of conditions. There were some difficulties in obtaining solutions for some of these cases. These problems were either with grid creation or with convergence of the flow field calculation. The differences between calculation and experiment can be attributed to two sources. The LEWICE/NS pressure distributions and droplet trajectories are not the same as those of the original LEWICE code. This was demonstrated in a previous investigation. 7 As a result, the distribution of incoming water on the surface is different between the two codes as is the convective heat transfer acting on that water. The differences in these two calculations leads to significant differences in the resulting ice shapes. The roughness correlation used in LEWICE, which has a significant effect on the convective heat transfer coefficient,' was tuned to the LEWICE results in order to produce reasonably accurate ice shapes over a limited range of icing conditions. Fig. 8 , the ice shape produces a shadow region for droplet impact. That is, a protuberance in the ice shape blocks water droplets from impacting on a portion of the surface aft of the protuberance. Droplets originating from points lower along the release plane do impact further aft on the surface, once they pass under the protuberance.
This results in two distinct collection efficiency curves as seen in Fig. 9 .
The convective heat transfer coefficient in this region is such that the freezing fraction is less than unity. This means that some of the water on the protuberance travels back into the region with no impingement. The water then rapidly freezes before traveling back to the region where impingement resumes.
In the aft impingement region, the heat transfer is high enough to cause rapid freezing and a large horn develops in this region as seen in Fig. 6 
